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Iron deficiency chlorosis (IDC) is a frequent problem in soybean [Glycine max (L.) Merr.]
production on calcareous soils. Greenhouse and soil incubation experiments were established to
evaluate pyritic lignite efficacy to supply Fe as compared to Fe-EDDHA and Fe-EDTA sources
across contrasting IDC tolerance varieties grown on a slightly acid and a calcareous soil.
Soybean IDC incidence was influenced by the soil properties and variety tolerance. All iron
sources increased plant dry matter accumulation on the Leeper soil, whereas on the Marietta soil
only lignite at 0.672 kg ha-1 produced an increase. Lignite at 0.336 kg ha-1 successfully improved
Fe availability to the plant as reflected by an increase in Fe content. Furthermore, no differences
were found between the low rate of lignite and the commercial fertilizers on any of the evaluated
parameters. Results from this study indicate that pyritic lignite may serve as an acceptable source
of Fe on problem soils to prevent IDC.
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CHAPTER I
INTRODUCTION
Population growth is ever increasing with an expected concomitant increase in demand
for food, indicating the necessity for greater efficiency in the use of resources combined with
development of alternative technologies to achieve greater productivity levels. Soybean [Glycine
max (L.) Merr.] is an important crop worldwide; it is mainly grown for oil extraction, but also for
livestock feed, green manure, and human edible products. Soybean is the second most planted
field crop and the main oilseed in the U.S., with approximately 35 million hectares cultivated at
an average yield of 3,400 kg/ha (USDA/ESMIS, 2020). Historically, a great effort has been made
in order to maintain and keep improving soybean yield to ensure a profitable production and to
meet consumption demands (Specht et al., 1999).
Major factors contributing to increasing soybean yield are the development of new
varieties and improvement of management practices including plant nutrition, irrigation, and
control of weeds, pests, and diseases (Niebur and Fehr, 1981; Bharati et al., 1986). However,
soybean Fe deficiency is still one of the most common nutritional problems found in soybean,
causing significant yield reductions even at low levels of deficiency (Froechlich and Fehr, 1981).
Iron deficiency chlorosis (IDC) is only observed on calcareous soils as a result of alkaline pH
and the presence of free carbonates (Cervellini, 1980; Helms et al., 2010). Severe yield
reductions caused by Fe deficiency have been observed in some Midwestern states as well as the
Blackbelt soils of Mississippi and Alabama (Hansen et al., 2003).
1

Current management strategies such as the use of tolerant cultivars and Fe fertilization
can vary in their efficacy to control the deficiency and/or be costly (Goos and Johnson, 2000;
Hansen et al., 2003; Lingenfelser et al., 2005; Kaiser et al., 2014). The search for new
technologies to better manage IDC and reduce yield losses are fundamental to meeting
increasing food demand. Management strategies must result in increased crop productivity and
profitability, while minimizing any agricultural environmental impact. This study evaluated the
efficiency of naturally occurring pyritic lignite to supply Fe to contrasting levels in Fe efficiency
of selected cultivars to manage IDC and increase crop productivity on calcareous soils.
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CHAPTER II
LITERATURE REVIEW
Iron Deficiency Chlorosis
Iron is considered an essential plant nutrient, however, its availability in soils is strongly
influenced by soil pH and redox conditions. For calcareous soils, Fe is tightly bound to soil
particles and is not readily released for plant uptake (Vempati and Loeppert, 1988). Soils with
pH levels greater than 7.4 have lower Fe availability due to the formation of insoluble ferric
oxides. At a pH of 7.4, soluble Fe3+ is present at approximately 10-10 M and its solubility can
decrease up to 1000-fold for each unit of increase in pH; in contrast to Fe2+ which only decreases
100-fold per unit increase in pH (Lindsay and Schwab, 1982). For plants, the Fe critical level is
around 50 ug g-1 for plant tissue and l0-8 M for soil availability. Iron is absorbed by the plants
preferentially as Fe2+ after Fe3+ is reduced in the rhizosphere (Lindsay, 1984). Iron is involved in
chlorophyll synthesis in plants; therefore, chlorosis is a common symptom when it is deficient,
hence the name ‘iron deficiency chlorosis’ (IDC) or ‘lime induced chlorosis’.
Research has shown that plants grown on calcareous soils are subject to a potential Fe
deficiency, however the presence of chlorosis depends upon the crop species and cultivar
(Vempati and Loeppert, 1988). For soybean, the deficiency is indicated by chlorosis of the
younger leaves in the upper canopy portion of the plant as Fe is not easily translocated from
older to newer plant tissues due to its relative non-mobility within the plant. In severe cases, only
veinal tissue shows any evidence of chlorophyll and plants can die, especially under prolonged
3

low soil moisture conditions (Hansen et al., 2003). Iron deficiency chlorosis causes stunting,
poor nodulation, and low N2 fixation which lowers yield (Froechlich and Fehr, 1981; Helms et
al., 2010). Only appropriate management of soil fertility and plant nutrient availability will
overcome IDC to maximize production (Haq and Mallarino, 2000).
Iron availability is determined by the interaction of many factors including soil pH, redox
conditions, presence of bicarbonate, and moisture availability (Lucena, 2000; Sahrawat, 2016).
Regions where calcareous soils are known to influence soybean yield, range from the northcentral region of the U.S. (Goos and Johnson, 2000; Hansen et al., 2004; Helms et al., 2010), to
the Blackbelt region of Mississippi and Alabama (Campbell and Seymour, 2011), to the Texas
Blackland Prairies (Heitholt et al., 2003). In these areas, the associated high soil clay content
may be an IDC contributing factor due to reduced aeration on rooting, which lowers the plant
nutrient absorptive capacity (Lindsay, 1984; Loeppert, 1986; Zuo et al., 2007). Additionally,
herbicides which are known to inhibit lateral root growth can accentuate the incidence of
chlorosis, especially under alkaline soil conditions (Udoh and Nelson, 1986; Jolley et al., 2004).
Management Alternatives
Greater than 80 percent of the U.S. soybean acreage is concentrated in the upper
Midwest, nevertheless significant acreage is still planted in the historically important areas of the
Mississippi Delta and the Mid-Atlantic (USDA/NASS, 2019). A considerable amount of
research has been conducted to find effective alternatives to prevent IDC, however only a small
portion has focused efforts on IDC on Mississippi’s Blackland soils. Overall, the most successful
and widely used technology is variety selection (Niebur and Fehr, 1981), where cultivars with
greater Fe use efficiency or tolerance to iron deficiency are desired. Iron fertilization has also
proven to be an effective practice to manage IDC with the use of different synthetic and natural
4

sources (Chen and Aviad, 1990; Chatterjee et al., 2017). Additional management options include
intercropping with various grasses, chelated Fe seed treatments, and increased seeding rates
(Lingenfelser et al., 2005; Kaiser et al., 2014; Omondi and Kniss, 2014).
Variety Selection
Research has shown that plants differ in their ability to extract Fe from soils based on the
potential for roots to modify their environment through root exudates resulting in increased Fe
availability. Plants have two main plant strategies to increase Fe uptake and Fe mobilization into
the rhizosphere. ‘Strategy I’ plants, secrete acids and reductants into the rhizosphere which
solubilize Fe under low solubility alkaline conditions; most monocotyledons and dicotyledons
including soybean having this capability (Wallace and Wallace, 1984). The ‘Strategy II’
mechanism, only found with grasses, involves secretion of chelating compounds into the
rhizosphere (Zuo and Zhang, 2011). Additionally, plants under Fe deficiency stress tend to have
a greater Fe reducing capacity than plants with an adequate Fe supply (Lindsay, 1984).
Variability in Fe deficiency tolerance by cultivars of the same species has been identified
for many crops including soybean, corn (Zea mays), and peanut (Arachis hypogaea) (Gao and
Shi, 2007). Although soybean is classified as a sensitive crop relative to Fe deficiency, adequate
cultivar selection has proven to be a highly effective strategy to reduce IDC (Niebur and Fehr,
1981; Lingenfelser et al., 2005). Consequently, research in Mississippi has classified soybean
varieties as Fe efficient, intermediate efficiency, and inefficient in order to assist growers in
selecting varieties most adapted to their soil conditions (Udoh and Nelson, 1983). Currently,
Mississippi Fe deficiency tolerance scores are assigned on a scale of one to ten with one being
completely tolerant or ‘efficient’ cultivars and ten being completely susceptible or ‘inefficient’
(MSU Extension, 2018, 2019).
5

Variety selection has proven be to be the most effective method to reduce or even
eliminate IDC under a wide range of environments. Results from a study comparing cultivar
selection, foliar sprays, and chelated seed treatment on narrow row planted soybean, indicated
cultivar selection showed a greater influence on the control of IDC, nevertheless cultivar
selection combined with foliar sprays resulted in greater yields (Goos and Johnson, 2000).
Cultivar selection was found to be more efficient and uniform in managing IDC compared to an
oat (Avena sativa) companion crop and Fe fertilization in Minnesota; the tolerant cultivar alone
showed equivalent yields to those reached by the susceptible cultivar accompanied by either of
the other management strategies (Kaiser et al., 2014). Overall, the use of tolerant cultivars
accompanied by an external supply of Fe have shown significant yield increases and reductions
in chlorosis.
Iron Fertilization
Soybean fertilization is not a routine practice unless soil tests indicate that a specific
nutrient is low in the soil or deficiencies are identified during the growing season (Bell et al.,
1995). In order to avoid yield losses caused by IDC, different Fe fertilization options have been
developed to supply this essential nutrient. Research indicates that for IDC inducing
environments the proper application of Fe fertilizers can suppress the effect of the soil Fe
limiting factors for either tolerant or susceptible soybean cultivars (Wiersma, 2005; Liesch et al.,
2012). Foliar applications using ferrous sulfate (FeSO4) solutions are the most common method
used (Fageria et al., 2009). It is important to emphasize that foliar applications can reduce the
chlorosis, but do not correct the deficiency in its whole (Cervellini, 1980). This strategy presents
several disadvantages such as the need for multiple applications depending on the severity of the
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deficiency and the cost of both product and labor. Other fertilization alternatives include the
application of oxi-sulfates, coated fertilizers, and chelated sources (Mortvedt, 1986).
Chelated Fertilizers
Research with chelated Fe fertilizers has shown improved Fe supply to plants, increased
biomass production, and greater yield of soybean under varying soil conditions (Cervellini, 1980;
Chen et al., 1998; Hergert et al., 2019). A chelate is formed by multiple charged sites derived
from functional groups on organic compounds binding to a single metal ion. Chelated
compounds are more stable than non-chelated compounds, remaining soluble and slowly
releasing the nutrients (Chen and Barak, 1982). Chelating agents increase the concentration of
plant available Fe in the soil, which promotes transport of Fe3+ to roots and subsequently release
it to be reduced and absorbed by the plant as Fe2+. Once dissociated, the chelating agent can bind
more Fe from the soil and repeat the process to maintain a steady equilibrium of the nutrient in
question (Lindsay and Schwab, 1982). The application and study of Fe chelates to treat IDC
initiated in the early 1950’s and has substantially increased since then (Jacobson, 1951;
Rodríguez-Lucena et al., 2010).
The most common chelating agents used in agriculture include ethylenediamine tetra
acetic acid (EDTA), ethylenediamine-N, N′-bis (2-hydroxyphenylacetic acid) (EDDHA), and
diethylenetriamine pentaacetate (DTPA) (Gowariker et al., 2009; Liu et al., 2012). Chelates can
be foliar applied directly to crops or added to the soil, in which case their effectiveness and
stability is associated with the soil pH. Previously mentioned, soluble Fe in the soil is reduced as
pH increases due to the formation of insoluble oxides, this allows other ions to displace Fe from
the chelates. Each chelating agent can maintain Fe in solution up to a specific pH value, for most
chelates this threshold ranges from pH 6 to pH 8 (Lindsay and Schwab, 1982). The chelating
7

agent EDDHA has a greater stability than other synthetic chelates even at a pH values greater
than 8, indicating that it will maintain greater plant available Fe levels in the soil (Lindsay and
Schwab, 1982; Lucena et al., 1992).
Results of several studies suggest that Fe-EDDHA is the most effective Fe source for soil
application to alkaline soils outperforming both Fe inorganic salts and other synthetic Fe chelates
(Ryan et al., 1985; Chatterjee et al., 2017; Hergert et al., 2019). Seed applied Fe-EDDHA
increased soybean grain yield by 55% on both tolerant and susceptible varieties grown under
alkaline soils with a history of IDC (Liesch et al., 2011). In Minnesota, seed applied Fe-EDDHA
resulted in a 15% increase in soybean grain yield (Wiersma, 2007). A soil incubation showed
that Fe-EDDHA was the most effective chelated Fe source for both alkaline and acid soils,
maintaining high extractable Fe levels for 8 weeks, while Fe-EDTA and FeSO4 were completely
ineffective on an alkaline soil with a pH of 8.3, and moderately effective for a soil with a pH of
5.8 (Sahrawat, 1988).
Limited research has been conducted in Mississippi concerning soybean response to Fe
fertilization, however the use of Fe chelates have shown promising results for the region. A study
evaluating soybean production on Mississippi Blackbelt soils showed foliar fertilization with Fe
and Mn chelates alleviated chlorosis of soybean contrary to FeSO4. The Fe-EDDHA was able to
increase DM production of five soybean varieties (Cervellini, 1980). Most recently Fe-EDDHA
applied as either a foliar or as an in-furrow fertilizer was more effective increasing soybean yield
on Blackbelt soils of Alabama than Fe-citrate or FeSO4 (Gamble et al., 2014). Additionally, the
chlorophyll content of soybean grown under greenhouse conditions on Texas Blackland soils
was higher with Fe-EDDHA and Fe-DTPA fertilization (Heitholt et al., 2003).
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Humic acids
Despite the effectiveness of synthetic chelates on soybean Fe nutrition, adoption has been
limited due to the high cost of chelated fertilizer sources, therefore, sustainable alternatives are
needed (Rodríguez-Lucena et al., 2010). Humic substances have been known to positively
influence plant growth. Whether the effects are due to hormone-like properties and/or their
complexing ability with the micronutrient metals Fe, Cu, Zn, and Mn, which improves their plant
availability, have been the topic of much research and review (Chen and Aviad, 1990; Chen,
1996; Cesco et al., 2000). Humic and fulvic acids have been shown to increase plant growth and
chlorophyll content of soybean, melon (Cucumis melo) and ryegrass (Lolium perenne) as well as
DTPA by maintaining Fe solubility on a nutrient solution, suggesting their effects are associated
with their chelating properties (Chen et al., 2004).
Various carbonaceous substances such as lignite, manure, peat, and muck enriched with
Fe have enhanced growth of several crops, including soybean, by increasing Fe availability
(Chen and Barak., 1983; Chen and Aviad, 1990; Bar-Ness and Chen, 1991a; b; Cesco et al.,
2000). A unique study under greenhouse conditions where Fe uptake and dry matter production
by soybean and oat were determined using a nutrient solution comparing Fe supplied as FeEDDHA, FeCl3, and an Fe treated microbial compost reported that the compost was as effective
as Fe-EDDHA in supplying Fe (Chen et al., 1998). Additionally, a single application of
Leonardite iron humate was able to increase Fe uptake by soybean under calcareous conditions
in a growth chamber study (Cieschi and Lucena, 2018).
The application of humic substances as Fe fertilizers presents a potential alternative to
synthetic chelates as they can be less expensive and have a lower environmental impact
(Rodríguez-Lucena et al., 2010). Lignite is a naturally occurring coal derived from partially
9

decomposed vegetation; it can contain large amounts of micronutrients and humic acids. The use
of lignite as a fertilizer has shown its capability to enhance soil fertility and organic matter
quality (Chen and Barak., 1983; Hoffmann and Hoffmann, 2007; Tsetsegmaa et al., 2018).
Lignite has also been used as a carrier for soil biological control agents (Jones, 1984). Lignite
deposits can have a high content of pyrite (FeS2) which has been shown to effectively supply Fe
and S to several crops and increase their yields (Vlek and Lindsay, 1978; Tiwari et al., 1984;
Sharma and Arora, 2008). Pyrite containing lignite not only contains Fe but may also maintain
Fe solubility due to its chelating properties. The oxidation of FeS2 acidifies the soil which could
help to solubilize Fe already present (Wallace et al., 1976).
Plant and Soil Testing
Although Fe can appear to be present in adequate amounts in soils as determined with
soil test extraction procedures, these tests are not always a reliable indicator of Fe availability
(Vempati and Loeppert, 1988). Low Fe levels in the soil are not a cause of IDC, rather it is the
inability of the plant to absorb Fe from the soil due its low solubility in alkaline soils with high
levels of free CaCO3 (Helms et al., 2010). The soil DTPA extraction method (Lindsay and
Norvell, 1978) was developed to better estimate plant available Fe and other metal
micronutrients, and to identify soils more likely to induce micronutrient deficiencies. This
method has been used to measure DTPA extractable Fe on calcareous soils and determine the
efficacy of several fertilizers to maintain Fe solubility and control IDC (Ryan et al., 1985; Liesch
et al., 2012; Gamble et al., 2014).
Just as total Fe level in the soil is not a good predictor of IDC, neither is total plant Fe
concentration because Fe can be immobilized inside the plant into metabolically inactive forms
(Zohlen and Tyler, 1997). It has been demonstrated that chlorotic plants can have a greater tissue
10

Fe concentrations than non-chlorotic plants, rendering standard plant analysis unreliable for IDC
diagnosis (Sahrawat, 2016). The quantification of metabolically active Fe (Fe2+), also called
‘Active Fe’, better correlates with chlorosis of the leaves than total Fe tissue concentration
(Gupta, 1968; Rao et al., 1987; Zohlen, 2000). Active Fe concentration of fresh plant tissue can
be measured using o-phenanthroline as an extractant that preferentially chelates Fe2+ and creates
an orange color complex which can be easily quantified by colorimetry (Katyal and Sharma,
1980; Abadia et al., 1984; Pierson and Clark, 1984).

11

Summary
Iron deficiency chlorosis is a major issue in soybean production in the Blackbelt areas of
Mississippi and Alabama where calcareous soils are prevalent. Soybean yields are significantly
reduced by this condition; therefore, overall productivity of the system is too. With soybean
being one of the primary row crops produced in the U.S. and considering the increasing demand
for food products, it is essential to find effective and sustainable solutions to this issue. Although
identification and development of soybean cultivars less susceptible to Fe deficiency is a widely
used management strategy, it may be complemented with external Fe supplies. Currently
available Fe fertilizers including synthetic Fe chelates, can be expensive, inconsistent in their
ability to reduce a deficiency, and usually involve greater effort and expense of multiple
applications to achieve desired results.
Humic substances have been used as alternative fertilizers to supply nutrients at a lower
cost and reduced environmental impact. Naturally occurring pyritic lignite contains Fe and
possesses chelating properties, therefore it presents an interesting possibility of a unique product
to manage soybean IDC. The objectives of this study were 1.) to compare the efficacy of pyritic
lignite to commercially available Fe fertilizers on soybean growth and Fe nutrition of contrasting
IDC tolerance cultivars grown on a slightly acid and a calcareous soil, and 2.) to determine
extractable soil Fe levels after the application of different Fe sources. We hypothesized that
pyritic lignite would increase Fe solubility and availability in the soil and consequently would
reduce IDC incidence and increase crop productivity of either IDC susceptible or tolerant
soybean cultivars.
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CHAPTER III
MATERIALS AND METHODS
This study consisted of controlled greenhouse and soil incubation experiments. Two soils
were collected at the W.B. Andrews Agricultural Systems Research Farm in Starkville, MS. A
Leeper silty clay loam (Fine, smectitic, nonacid, thermic Vertic Epiaquepts) with a pH of 8.1,
containing free CaCO3 and a Marietta fine sandy loam (Fine-loamy, siliceous, active, thermic
Fluvaquent Eutrudepts) with a pH of 6.1. The soils were collected from the field, air-dried, and
sieved. A sample of each soil was collected to perform routine soil tests (Table 3.1).
Table 3.1
Soil

Leeper

Initial soil test information for Leeper and Marietta soils.
pH

8.1

CEC

SOM*

cmolc/kg

-- % --

25.7

4.1

Fe¶

P

K

Ca

Mg

S

------------------------- mg kg -1 ------------------------13

29

143

4911

96

295

Marietta
6.1
11.1
3.2
52
169
*SOM, organic matter percentage.
¶ Fe, soil-extractable Fe determined by DTPA extraction.

91

1697

37

230

Soil pH was analyzed in deionized (d.i.) water (1:2 soil/d.i. water) using a Fisher
Scientific™ Accumet™ 25 pH meter (Thermo Fisher Scientific, Waltham, MA). Iron levels
were determined by the DTPA method (Lindsay and Norvell, 1978) using a using an Avio 200
ICP-OES instrument (Perkin Elmer, Waltham, MA). All other analyses were performed by the
13

Mississippi State Soil Testing Lab. Soil organic matter (SOM) was determined by automated dry
combustion and macro-nutrients were quantified by the Mississippi soil test extraction method
(Rasberry and Lancaster, 1977), with the exception of S which was estimated based on the SOM
level.
Greenhouse Experiment
The plant growth phase of this research was established at the greenhouse facilities
located on the Mississippi State University campus, from September to November 2018.
Treatments were allocated in a 2x2x5 factorial arrangement of treatments in a randomized
complete block design to account for spatial greenhouse conditions with four replications. There
were 20 total treatments, combining 2 soils, 2 soybean varieties, and 5 Fe treatments. Cultivar
selection was based on the MSU Fe efficiency rating (IER) which has a scale from one to ten,
with a rating of 1 the most tolerant and 10 the most susceptible cultivar (MSU Extension, 2019).
Progeny cultivar P5016 RXS with an efficiency rating of seven was selected as the “Fe
inefficient cultivar” and Progeny cultivar P5688 RX with an efficiency rating of four was
selected as the “Fe efficient cultivar” (Table 3.2). Soybean seed were inoculated with
Bradyrhizobium and pregerminated at 18 °C. Six seed were planted at a 2-inch depth furrow and
later thinned to 2 plants per pot 8 days after planting.
Table 3.2

Soybean variety characteristics.
Relative
Iron
Maturity Efficiency

Brand

Variety

Progeny

P 5016 RXS

5.0

Progeny

P 5688 RX

5.6

Growth
Habit*

Canopy
Width

Plant
Height

Plant
Color

7

I

Medium
Bushy

Tall

Light
Tawny

4

D

Bushy

Tall

Tawny

*Growth habit: I = indeterminate, D = determinate.
Note: data from Mississippi State University Extension Service (2018, 2019).
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Iron treatments (FET) included the addition of Fe-EDDHA, Fe-EDTA, 2 rates of pyritic
lignite, and a non-treated control (Table 3.3). The commercial fertilizers used in this the study
were ‘Sequestrine® 138 Fe’ containing Fe-EDDHA and ‘DIEHARD™ BioRush Fe®’ containing
Fe-EDTA; both applied at the recommended rate given by their manufacturers. Two rates of
lignite were used to match and double the Fe rate of the Fe-EDDHA, which has been shown in
multiple studies to be the most effective Fe chelate when soil pH indicates the presence of free
CaCO3 (Ryan et al., 1985; Chatterjee et al., 2017; Hergert et al., 2019). Besides Fe-EDTA,
‘DIEHARD™ BioRush Fe®’ contains beneficial fungus and bacteria, and 3% of Leonardite
(Oxidized lignite) humic acids, thus, combining synthetic chelates and lignite derived products
(Fowkes and Frost, 1960). The rate calculation included adjustment for moisture content of the
materials. Lignite had 50% moisture and DIEHARD™ BioRush Fe® (Fe-EDTA) had 2%
moisture.
Table 3.3

The Fe concentration, Fe rate, and source rate on a dry weight basis of the sources
used in the study.

Iron Treatment

Fe content

Fe rate

Source rate*

-------------------- kg ha-1 --------------------

------ % -----Control

0.00

N/A

N/A

Fe-EDDHA

6.00

0.336

5.6

Lignite 1x

1.19

0.336

28.2

Lignite 2x

1.19

0.672

56.5

Fe-EDTA

9.75

0.975

10.0

*Moisture content of the materials was considered in the final rate calculation, data not shown.
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For each soil, 3.5 kg were placed in 4 L pots that were distributed onto two benches in the
green house. The Fe treatments were applied directly to the seed furrow prior to seed placement.
Liquid solutions of Fe-EDDHA and Fe-EDTA were applied at the manufacturer recommended
dilutions. The lignite was applied as a finely ground powder with 98% passing a 10-mesh sieve.
No other nutrient fertilizers or soil amendments were added. Soil moisture was held slightly less
than field capacity with only deionized water for irrigation. Water adjustments by total pot
weight were performed weekly after plants emerged.
Plant height and relative chlorophyll content (SPAD readings) were taken before plants
were harvested at the R1 growth stage. Plant height was measured for each plant from the soil
level to the growing point and averaged by pot. Relative chlorophyll content (SPAD reading)
was measured using a SPAD-502 meter (Konica Minolta, Inc., Tokyo, Japan). Two separate
SPAD values were recorded, one from the most recently mature trifoliate leaves (SPAD-A) and
one from the emerging trifoliate leaves at the terminals (SPAD-B). Each SPAD value consisted
of the average of four readings per pot. Four recently mature trifoliate leaves were collected per
pot for nutrient analyses, one leaflet of the three per each leaf was used for active Fe analysis and
the other two for total Fe analysis. Whole plants were collected to determine nutrient
concentrations by cutting plants at the base just above the soil line using a stainless-steel scalpel.
Active Fe (Fe2+) concentration was determined with the o-phenanthroline extractant
(Katyal and Sharma, 1980). Leaflets were collected as described previously and immediately
placed on ice in a cooler for transport to the laboratory. Four leaflets per pot were chopped fresh
using a stainless-steel scalpel; 1.5 g of each sample was immersed in 20 ml of 1.5% ophenanthroline solution in amber glass vials. Samples were stirred gently and allowed to sit for
16 h at room temperature. The samples were filtered using a syringe fitted with a 0.45 um filter
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before analysis to eliminate chlorophyll degradation products (Abadia et al., 1984). The filtered
extracts were read for absorbance using a Spectronic 21 spectrophotometer (Bausch & Lomb,
Quebec, Canada) set at a wavelength of 510 nm and Fe standards range from 0 to 3 mg L-1.
For total Fe analysis, both leaflets and whole plant samples were placed in paper bags and
oven dried at 65 °C. Dry weight was recorded, then leaflets and plants were ground. Leaflets
were ground manually using an agate pestle and mortar and passed through an 18-mesh stainless
steel sieve. Whole plants were ground using an electric coffee grinder with stainless steel blades.
For total Fe analysis, 0.25 g of leaflet sample and 0.50 g of whole plant sample were weighted
and dry ashed for the destruction of organic matter (Plank, 1992). Consecutively, the ash was
dissolved in HNO3 and HCl, and diluted with deionized water for analysis (Isaac and Kerber,
1971). Concentration of total Fe was determined using an Avio 200 ICP-OES instrument (Perkin
Elmer, Waltham, MA). Total Fe content in ug plant-1 was calculated using the sum of the leaflets
and the plant weights along with their respective Fe concentration.
Following aboveground plant sampling, the roots were collected and placed in Ziploc®
bags and stored at 4oC in a refrigerator. Roots were later rinsed, and nodules were counted.
Following nodule count, the roots and nodules were oven dried at 65 °C to obtain dry weight per
pot.

17

Incubation Study
The second phase of the study was a laboratory soil incubation with various Fe treatments
from August to October of 2019. It was performed for a period of 50 days to determine available
Fe produced by each Fe source. There were 24 treatments, using 2 soils, 6 Fe treatments (FET),
and 2 sampling dates. Iron treatments were Fe-EDDHA (Sequestrine® 138 Fe), Fe-EDTA
(DIEHARD™ BioRush Fe®), FeSO4 (Hi-Yield® 32340 Iron Sulfate), 2 rates of pyritic lignite,
and a non-treated control (Table 3.4). The same soils series used for the greenhouse experiment a
Leeper silty clay loam with a pH of 8.1 and a Marietta fine sandy loam with a pH of 6.1 were
used. Two hundred g of air-dried sample were placed in 240 ml sample cups, treatments were
mixed with the soil and deionized water was added until near field capacity. During the whole
study, the soils were maintained near field capacity at a temperature of 32°C in an incubation
oven with each cup lid placed on with a small opening to allow aeration.
Due to the small quantity of soil used for each treatment and the small rate of the Fe
sources to be applied, the Fe base rate was increased to 0.67 kg/ha (Table 3.4), twice the rate
used in the greenhouse experiment. Iron sources Fe-EDDHA, Fe-EDTA, and FeSO4 were
applied as liquid solutions, while lignite was applied as a finely ground powder. The rate
calculation included adjustment for moisture content of the materials. Lignite had 32% moisture
and DIEHARD™ BioRush Fe® (Fe-EDTA) had 2% moisture. Whole cup sampling was done at
25 and 50 days of incubation. All soil in each specimen cup was air-dried, crushed and sieved,
and then extracted with DTPA (Lindsay and Norvell, 1978; Johnson, 1992). The DTPA
extractable Fe was measured using an Avio 200 ICP-OES instrument (Perkin Elmer, Waltham,
MA). The standards used ranged from 0 to 10 mg L-1 of Fe for the Leeper soil and 0 to 40 mg L-1
of Fe for the Marietta soil.
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Table 3.4

The Fe concentration, Fe rate and source rate on a dry weight basis of the sources
used in the study.

Treatment

Fe content

Fe rate

Source rate*

-------------------- kg ha-1 --------------------

------ % -----Control

N/A

N/A

N/A

Fe-EDDHA

6.00

0.67

11.2

Lignite 1x

1.19

0.67

56.5

Lignite 2x

1.19

1.35

113.0

Fe-EDTA

9.75

0.67

6.9

19.00

0.67

3.5

FeSO4

*Moisture content of the materials was considered in the final rate calculation, data not shown.
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Statistical Analysis
The greenhouse experiment treatments were allocated in a 2x2x5 factorial arrangement of
treatments within a randomized complete block design with four replications. Variables
consisted of two soil series, two soybean varieties and five Fe treatments for 20 treatments
randomly assigned to pot position on the bench within each block. The incubation experiment
treatments were allocated in a 2x2x6 factorial arrangement of treatments within a randomized
complete block design with four replications. Variables consisted of two soil series, two
sampling dates and six Fe treatments. The 24 treatments were randomly assigned to cup position
within incubator tray. Two separate incubators were used, two replications were placed in each
incubator.
All results were subject to an analysis of variance (ANOVA) using the SAS 9.4 software
(SAS Institute, Cary, NC). Mean separations were determined using a Fisher’s protected LSD at
α = 0.05 when significant main effects were found. When interactions between factors were
found, mean separation was determined using LSMEANS in PROC GLM. The LSD of the
interactions was calculated by multiplying the appropriate t value by the standard error of the
difference of means provided in the output from the PDIFF option in the LSMEANS statement
(Fernández et al., 2015).
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CHAPTER IV
RESULTS AND DISCUSSION
Plant growth
Optimal plant growth and yield depend on the nutrient status of the crop when other
growing conditions are constant, while plant dry matter (DM) accumulation and height provide
an indication of efficacy of the effects of the Fe treatments. There was a significant Fe treatment
× Soil interaction (P = 0.0002, Table 4.1) on DM accumulation. Plant DM yield was twice as
much when grown on the Marietta soil (pH 6.1) compared to when grown on the Leeper soil (pH
8.1) (Figure 4.1, 4.2). The soil effect was also observed on plant height (P <0.0001, Table 4.1),
as plants were taller on the Marietta soil (Table 4.2). Calcareous soils reduce Fe availability thus
inducing IDC which can reduce plant growth and yield by lessening the plant’s photosynthetic
capacity, nodulation, and N2 fixation (Abadía et al., 1999; Bavaresco et al., 2006). Additionally,
soils with a high clay content such as the Leeper soil in the current study may aggravate this
condition due to reduced aeration affecting rooting leading to decreased nutrient absorption
capacity (Lindsay, 1984). Iron deficiency chlorosis management on calcareous soils has been
widely studied in the past in order to minimize its negative impact on soybean growth and yield
(Franzen and Richardson, 2000; Helms et al., 2010; Liesch et al., 2011; Kaiser et al., 2014).
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Table 4.1

Analysis of variance of Fe treatment, variety, soil, and their interactions effects on
dry matter accumulation and plant height.
Effect

Iron Treatment (FET)
Variety (V)
FET × V
Soil (S)
FET × S
V×S
FET × V × S

Dry Matter

Plant Height

---------------------------- P>F ---------------------------0.0044
0.9756
0.0001
<0.0001
0.0592
0.3932
<0.0001
<0.0001
0.0002
0.9341
0.1793
0.5330
0.3880
0.6341

The contrasting physical and chemical properties of the two soils affected nutrient
availability which led to different Fe treatment effects on DM. For the Leeper soil, DM was
increased whenever Fe was applied irrespective of the source and/or rate by an average of 30%
compared to the control (Figure 4.1). The formation of insoluble ferric oxides in alkaline soils
can be countered by the application of chelated fertilizers which are able to increase Fe
availability and improve plant growth. The resulting yield response to the chelated fertilizers
agrees with previous work on calcareous soils where plant growth and yield have been improved
by either addition of humic substances or synthetic chelates (Wiersma, 2005; Tahir et al., 2011).
Gamble et al. (2014) demonstrated that Fe-EDDHA alleviates IDC and increases soybean yield
better than Fe-citrate or FeSO4 on Blackbelt soils similar to the soils in this study.
Furthermore, there were no significant differences between Fe sources, suggesting that
pyritic lignite can serve as an effective source of Fe. These results agree with previous studies
where organic compounds applied at proper rates have increased DM accumulation and
corrected IDC on soybean and other row crops by supplying Fe as effectual as synthetic chelates
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(Chen et al., 1998; Cieschi and Lucena, 2018). However, the current results differ from
Rodríguez-Lucena et al. (2010) where alternative Fe sources containing humic acids and
lignosulfonates had lower crop DM accumulation than synthetic chelates including Fe-EDTA
and Fe-EDHHA, suggesting that pyritic lignite may be a more efficient alternative organic or
naturally derived source of Fe.

Figure 4.1

Dry matter accumulation for Iron Treatment × Soil interaction combinations.

Response to Fe sources and rates on the Marietta soil showed lignite at the 2X rate
increased soybean DM accumulation by 10% compared to the rest of Fe treatments and no
differences were found between lignite at the 1X rate, commercial chelates, and the control (Fig.
4.1). Iron availability on soils with pH values less than 7 is usually not a limiting factor,
therefore, the application of Fe may have a minimum impact on plant growth (Lindsay and
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Schwab, 1982; Bavaresco et al., 2006). However, S is frequently deficient on acid and slightly
acid sandy soils such as the Marietta soil (Rehm, 2005; Pagani and Echeverría, 2011). Pyrite
containing lignite (FeS2) represents a potential natural source of S, hence the positive effect of
lignite at the 2X rate on biomass production on the Marietta soil may possibly be due to a
response to S supply. These results agree with previous research where the application of pyrite
containing sources increased biomass accumulation and yield of various crops (Dubey and
Mondal, 1994; Sharma and Arora, 2008).
Table 4.2

Dry matter accumulation and plant height by soil and variety.
Effect

Soil
Leeper
Marietta
LSD (0.05)

Dry Matter

Plant Height

------- g plant-1 ------

------ cm ------

1.26
2.82
¶

23.9
35.4
2.2

Variety
Inefficient
1.96
26.8
Efficient
2.12
32.5
LSD (0.05)
0.08
2.2
¶ LSD for the factor main effect not valid due to its interaction with other factors.

Efficient varieties can increase Fe availability and uptake which can improve growth as
Fe is involved in many physiological processes (Abadía et al., 1999; Wang et al., 2008; Aksoy et
al., 2017). In this study, the efficient variety (IER = 4) had a DM increase of 8% (P = 0.0001,
Table 4.1) and plant height increased 25% (P = 0.0001, Table 4.1) compared to the inefficient
variety (IER = 7) across Fe treatments and soils (Table 4.2, Fig. 4.2). These results reinforce with
the known characteristics of each variety (Table 3.2), as variety P5688RX (efficient) has a
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greater IDC tolerance and a wider canopy than variety P5016RXS (inefficient), and therefore,
greater DM accumulation was expected (MSU Extension, 2018, 2019). Previous studies
consistently have shown that variety selection is the central factor to include in an IDC
management plan for soybean grown on calcareous soils (Goos and Johnson, 2000, 2001; Kaiser
et al., 2014). Wiersma (2005) reported greater yield and height of soybean tolerant cultivars than
for susceptible cultivars; nevertheless, the difference between cultivars was less when high rates
of Fe-EDDHA were applied. Additionally, Niebur and Fehr (1981) found greater yield and
height in IDC tolerant soybean cultivars grown on both calcareous and non-calcareous soils.

Figure 4.2

Effect of soil and variety on plant growth at the R1 stage. Inefficient variety grown
on Leeper (a) and Marietta (b) soils. Efficient variety grown on Leeper (c) and
Marietta (d) soils. Iron treatments order from left to right: control, Fe-EDDHA,
Lignite 1X, Lignite 2X, and Fe-EDTA.
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Total Fe Content
Soybean Fe nutritional status can be inferred by analyzing total Fe concentration of
leaves (LC) and/or whole plant (WPC) samples. However, the accuracy of these measurements
can be decreased by a dilution effect depending on the plant’s biomass production (Kaiser et al.,
2014). Thus, total Fe (TFE) content on a DM basis can provide a better estimate of Fe supply.
All main effects significantly affected TFE content and concentrations of leaves and whole
plants but there were no interaction effects between factors among the three TFE (Table 4.3).
There were significant differences between Fe treatments for TFE content (P = 0.0057), LC (P =
0.0144), and WPC (P = 0.0027). Total Fe content and concentrations increased with the
application of Fe sources. Only Fe-EDDHA, Fe-EDTA and lignite at the 1X rate had
significantly greater TFE content by 29 ug plant-1 as compared to the control pots (Table 4.4). A
similar increasing trend was observed for leaves and whole plant samples TFE concentrations
(Table 4.4). Furthermore, no differences were found when comparing lignite to the commercial
sources used.
Table 4.3

Analysis of variance of Fe treatment, variety, soil and their interactions effects on
total Fe content, leaflets Fe concentration, and whole plant Fe concentration.
Effect

Iron Treatment (FET)
Variety (V)
FET × V
Soil (S)
FET × S
V×S
FET × V × S

Total Fe content

Leaflets Fe

Whole Plant Fe

-------------------------------- P>F -------------------------------0.0057
0.0144
0.0027
0.0027
0.6142
0.0075
0.3257
0.4869
0.7260
<0.0001
<0.0001
<0.0001
0.8097
0.0998
0.8395
0.6228
0.0504
0.0261
0.5355
0.1835
0.2477
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These result agree with studies where Fe-EDTA (Heitholt et al., 2003; Rodríguez-Lucena
et al., 2010) and Fe-EDDHA (Gamble et al., 2014; Cieschi and Lucena, 2018) increased total Fe
content of soybean plants. Additionally, other studies have shown that carbonaceous materials
added to the soil can improve nutrient absorption by crops. Chelating agents can increase the
levels of plant available Fe in the soil (Chen and Barak, 1982; Sahrawat, 1988), as they prevent
the formation of insoluble ferric oxides and allow the transport and release of soluble Fe3+ near
the roots where it is reduced and preferentially absorbed by the plant as Fe2+ (Lindsay and
Schwab, 1982). Liesch et al. (2012) showed a positive response of efficient and inefficient
soybean varieties grown under calcareous conditions when seed-applied Fe-EDDHA was used,
overcoming soil limiting factors. Chen et al. (1998) found chelators produced by compost
microorganisms as affective as Fe-EDDHA and better than FeCl3 with respect to Fe uptake and
DM accumulation in soybean and oat plants. Likewise, no differences were found for soybean Fe
content when comparing Fe-EDDHA and Leonardite Fe humates when supplied at adequate
rates (Cieschi and Lucena, 2018).
Table 4.4

Total Fe content, leaflets Fe concentration, and whole plant Fe concentration by Fe
treatment.

Iron Treatment

Total Fe Content
----- ug plant-1 -----

Leaflets Fe

Whole Plant Fe

-------------- mg kg -1 --------------

Control

159.3

102.9

71.9

Fe-EDDHA

194.0

126.8

83.5

Lignite 1X

179.4

120.3

75.0

Lignite 2X

173.8

116.9

70.6

Fe-EDTA

191.6

130.9

82.3

19.8

16.6

7.8

LSD (0.05)
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The use of lignite and pyrite as soil amendments have shown their ability to improve not
only soil properties, but also plant growth and nutrition of various crops. Humic acids derived
from lignite increased wheat (Triticum aestivum) growth and N content on both calcareous and
non-calcareous soils (Tahir et al., 2011). Pyrite application acidified the soil pH and reduced the
incidence of IDC while increasing both plant Fe content and DM accumulation of soybean
inefficient varieties grown on a calcareous soils (Wallace et al., 1976). Similarly, Rai et al.
(1982) reported a significant increase in yield and seed Fe content of chickpea (Cicer arietinum)
when pyrite was supplied to plants grown under calcareous conditions. Sharma and Arora (2008)
reported increased yield and S content of Indian mustard (Brassica juncea L.) on a sandy loam
soil with a pH of 6.8. It is important to note that previous research demonstrated that EDTA is
less stable than EDDHA as a chelating agent and that its ability to maintain chelated Fe in
solution is severely limited in soils with a pH above 6.7 (Lindsay and Schwab, 1982). Thus, the
positive effects of this source on soybean performance can be attributed to the interaction of FeEDTA, humic acids and other growth stimulating ingredients.
The effects of soil properties and pH were well expressed on TFE content (P <0.0001,
Table 4.3) and tissue Fe concentrations (P <0.0001) as greater levels were found for plants
grown on the Marietta soil (Table 4.5). Plants grown on the Leeper soil had a total Fe content of
99 ug plant-1, 60% less than plants grown on the Marietta soil with average Fe content of 263 ug
plant-1 (Table 4.5). Total Fe concentration on leaves and whole plants were reduced by 25% and
20%, respectively (Table 4.5) when contrasting the soils. These results agree with similar studies
where Fe nutrition of crops grown on calcareous soils is severely restricted by low Fe availability
and solubility under these specific soil conditions (Hansen et al., 2003; Heitholt et al., 2003;
Bavaresco et al., 2006; Nadal et al., 2012). Plant available Fe present in the soil is often
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estimated using DTPA extraction (Lindsay and Norvell, 1978) as Fe levels extracted with this
procedure have correlated well with soil pH and Fe nutrition of several crops (Naeve and Rehm,
2006; Liesch et al., 2012).
Table 4.5

Total Fe content, leaflets Fe concentration, and whole plant Fe concentration by
soil and variety
Effect

Soil
Leeper
Marietta
LSD (0.05)

Total Fe content
----- ug plant-1 -----

Leaflets Fe

Whole Plant Fe

-------------- mg kg -1 --------------

98.8
260.5
12.6

102.5
136.7
10.5

68.7
84.6
4.9

Variety
Inefficient
169.8
Efficient
189.5
LSD (0.05)
12.6
¶ Not significant differences (P = 0.05)

120.9
118.3
¶

73.3
80.1
4.9

A similar pattern as in DM accumulation was observed for the variety effect on TFE
content (P = 0.0125, Table 4.3) and WPC (P = 0.0075). The efficient variety had 10% greater
TFE content and WPC than the inefficient variety (Table 4.5). Iron ‘efficient’ varieties can
increase Fe availability by increasing root ferric-chelate reductase activity and releasing
reductants into the rhizosphere at greater rates than ‘inefficient’ varieties (Wallace and Wallace,
1984; Aksoy et al., 2017). Plants exhibiting Fe deficiency stress also tend to have a greater Fe
reducing capacity than plants with an adequate Fe supply (Lindsay, 1984). Vasconcelos and
Grusak (2014) successfully identified IDC tolerance differences between 32 soybean cultivars
based on morpho-physiological parameters including total Fe concentration on the trifoliate
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leaves. Seed Fe content and concentration are higher in IDC tolerant cultivars than in susceptible
cultivars because plants maintain Fe levels in the grain within genetically predetermined
constrains (Wiersma, 2005, 2012).
The current work found differences between varieties were more marked when analyzing
TFE content instead of concentration as the DM production was very different between varieties.
Kaiser et al. (2014) indicated even greater Fe concentration for a soybean susceptible variety
than a tolerant variety when IDC was not present. This difference was attributed to a dilution
effect via greater biomass production by the tolerant variety. Nutrient concentrations in plant
tissue result from nutrient uptake and dry matter accumulation; therefore, each must be
considered when evaluating crop nutritional status of as dry matter accumulation increases more
rapidly than nutrient accumulation causing lower concentrations in non-deficient plants (Jarrell
and Beverly, 1981).
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Active Fe Content
Chlorotic plants may have a greater total Fe content than non-chlorotic plants as Fe can
be immobilized inside the plant into metabolically inactive forms (Zohlen and Tyler, 1997).
Consequently, metabolically active Fe (Fe2+) has been identified as a better parameter to
diagnose IDC rather than total Fe (Sahrawat, 2016). The active Fe concentration of trifoliate
leaves ranged from 37 to 95 mg kg-1. Overall, Fe treatments had a significant effect on active Fe
concentration in the plant (P = 0.0470, Table 4.6). The chelated source Fe-EDDHA was the only
treatment that significantly increased soybean active Fe concentration compared to the control
(Table 4.7). Nonetheless, increased tissue concentration was observed with the application of
lignite at the 1X rate and Fe-EDTA. The lack of statistical differences between sources and the
control may be influenced by a dilution effect as all treatments increased DM accumulation on
the Leeper soil (Fig. 4.1). Lignite at the 2X rate increased DM accumulation on the Marietta soil
but had the lowest active Fe concentration (Table 4.7). Treatment effects on active Fe
concentrations tended to be lower in plants grown on the Marietta soil (Table 4.7) which had
greater biomass than plants grown on the Leeper soil (Fig. 4.1).
Table 4.6

Analysis of variance of Fe treatment, variety, soil, and their interactions effects on
active Fe concentration.
Effect

Active Fe
--------------- P>F --------------0.0470
0.8475
0.2091
0.4949
0.3754
0.0021
0.2675

Iron Treatment (FET)
Variety (V)
FET × V
Soil (S)
FET × S
V×S
FET × V × S
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Chelated fertilizer sources for micronutrients have been a successful management
practice to improve crop growth and plant nutritional status, where unfavorable pH, SOM and
moisture content restrict nutrient availability. Chelates maintain Fe solubility in the soil and
transport it into the rhizosphere facilitating plant Fe uptake (Lindsay and Schwab, 1982).
Additionally, humic and fulvic acids can also be taken up by the plant (Chen and Aviad, 1990);
therefore, they increase soil Fe availability and also may prevent the reaction of Fe with
bicarbonate inside the plant resulting in greater metabolically active Fe. The current results agree
with Hodgson et al. (1992) who found increased soybean active Fe and DM accumulation when
Fe chelates were applied to calcareous vertisols. Chen et al. (2016) also observed greater active
Fe concentration and a linear correlation between active Fe and chlorophyll content of peanut
fertilized with Fe-EDDHA. Soybean DM, active Fe, and chlorophyll content were improved by
the application of organic acids in work by Aly and Soliman (1998).
Table 4.7
Iron

Active Fe concentration by Fe treatment (FET) and FET × Soil combinations.

Treatment

Leeper

Marietta

Average

----------------------------- mg kg-1 ----------------------------Control

66.9

64.9

65.9

Fe-EDDHA

78.1

68.6

73.4

Lignite 1X

68.3

74.0

71.1

Lignite 2X

64.0

63.0

63.5

Fe-EDTA

72.1

70.9

71.5

¶

¶

7.4

LSD (0.05)

¶ Not significant differences (P = 0.05)
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Previous research has reported stronger correlation between active Fe and other
physiological parameters than for total Fe. Active Fe concentration in non-chlorotic peanut
plants was greater than in chlorotic plants in an IDC inducing environment (Gao and Shi, 2007).
This work also had positive correlations between active Fe, yield, and SPAD readings. Rao et al.
(1987) found greater correlation between active Fe and both plant growth, and Fe nutritional
status of peanut than with total Fe. No significant differences in total Fe content were found
between speedwell (Veronica officinalis) plants grown on acid and alkaline soils; however,
active Fe content was greater on plants grown on acid soil when compared to plants grown on
calcareous soils (Zohlen and Tyler, 1997). Active Fe content was consistent with DM
accumulation and SPAD readings for peanut grown on a calcareous soil with different available
water levels (Zuo et al., 2007).
The decrease in active Fe concentration with application of the 2X rate of lignite
compared to the 1X rate (Table 4.7) follows the trend observed in DM accumulation of plants
grown on the Leeper soil (Fig. 4.1). This is similar to results of Cieschi and Lucena (2018) who
found negative effects on Fe uptake for soybean when high rates of Leonardite were applied.
This was attributed to accumulated humic acid on the roots blocking the cell wall pores and
reduced Fe uptake by the plant. Other studies have shown reduced yield, plant growth and
nutrient uptake of several crops grown under calcareous conditions at higher applied rates of
lignite derived fertilizers (Tahir et al., 2011; Dumitru et al., 2017). Carbonaceous substances
application can increase nutrient availability and uptake by the plants (Chen et al., 1998) which
would improve not only Fe uptake, but also uptake of other nutrients such as Ca and P (Chen and
Aviad, 1990; Gerke, 2018) which can reduce Fe bioactivity inside the plant.
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A significant Variety × Soil interaction (P = 0.0021, Table 4.6) was found. The Fe
efficient variety had a greater active Fe concentration than the inefficient variety (Fig. 4.3) in the
Leeper soil. Conversely, the inefficient variety had greater active Fe concentration in the
Marietta soil. This may be due to a dilution effect (Jarrell and Beverly, 1981) as the efficient
variety produced greater biomass on this soil (Fig. 4.2). Considering the dilution effect, it can be
inferred that on the Marietta soil the active Fe content of the efficient variety was similar or even
greater than for the inefficient variety. Likewise, we can infer that the active Fe content of both
varieties was greater on the Marietta soil than for the Leeper soil. These results agree with
several studies where active Fe content was lower due to low Fe availability and high
bicarbonate content of calcareous soils (Rao et al., 1987; Zohlen and Tyler, 1997; Chen et al.,
2016). Varietal Fe efficiency greatly impacts Fe uptake and transport particularly under IDC
inducing environments, resulting in greater biologically active Fe levels in the plant (Wiersma,
2007; Zha et al., 2014) .

Figure 4.3

Active Fe concentration for Variety × Soil interaction combinations.
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Relative chlorophyll content (SPAD)
There were not significant differences between Fe treatment effects on SPAD readings of
most recently matured trifoliate leaves (SPAD-A) (P = 0.0907, Table 4.8); however, the
application of Fe sources (Table 4.9) numerically increased readings. Conversely, SPAD
readings of emergent trifoliate leaves (SPAD-B) were significantly affected by the application of
Fe (P = 0.0020, Table 4.8). Greater SPAD-B values were observed with the application of FeEDDHA compared to the control. The SPAD readings for lignite applied at the 1X rate were
similar to SPAD readings where the commercial chelates were applied, all Fe treatments were
significantly greater than lignite at the 2X rate (Table 4.9). Iron regulates the transformation of
enzymes involved in chlorophyll synthesis, therefore, its deficiency can cause low chlorophyll
levels (Abadía et al., 1999). As shown in Fig. 4.4, the relatively low Fe mobility within plants
causes more prominent chlorosis in meristematic regions or upper emerging leaves (Gao and Shi,
2007; Fageria et al., 2009). Consequently, Fe treatment effects on chlorophyll content can be
more easily identified on younger leaves (SPAD-B) than on older leaves (SPAD-A) (Zuo and
Zhang, 2011).
Table 4.8

Analysis of variance of Fe treatment, variety, soil, and their interactions effects on
relative chlorophyll content of mature leaves (SPAD-A) and emergent leaves
(SPAD-B).
Effect

Iron Treatment (FET)
Variety (V)
FET × V
Soil (S)
FET × S
V×S
FET × V × S

SPAD-A

SPAD-B

------------------------- P>F ------------------------0.0907
0.0020
0.1932
0.4616
0.0788
0.9385
0.0039
0.0092
0.5210
0.0706
0.2265
0.0856
0.6608
0.5491
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The application of synthetic and natural Fe sources has reduced chlorosis on soybean and
other Fe deficiency sensitive crops (Nadal et al., 2012; Gamble et al., 2014; Chatterjee et al.,
2017). Wiersma (2005) and Liesch et al. (2011) reported increased soybean SPAD readings with
applied Fe-EDDHA at several growth stages for efficient and inefficient cultivars. Leonardite
humates and other humic substances improved soybean SPAD readings similarly to Fe-EDHHA
(Cieschi and Lucena, 2018) and Fe-EDTA (Chen et al., 2004). Chen et al. (1998) reported
increased chlorophyll content of soybean and oat when Fe treated microbial compost was
applied. However, other studies reported no significant effect on SPAD readings with the use of
natural sources, possibly due to negative interaction with Ca ions which can decrease Fe
bioactivity in the plant (Rodríguez-Lucena et al., 2010). Similarly, in this study, lignite at the 2X
rate did not improve the active Fe concentration (Table 4.7) nor SPAD readings (Table 4.9) of
the soybean plants.
Table 4.9

Relative chlorophyll content of mature leaves (SPAD-A) and emergent leaves
(SPAD-B) by Fe treatment and soil.
Effect

Iron Treatment

SPAD-A

SPAD-B

------------------- SPAD units --------------

Control
Fe-EDDHA
Lignite 1X
Lignite 2X
Fe-EDTA
LSD (0.05)
Soil
Leeper
Marietta
LSD (0.05)
¶ Not significant differences (P = 0.05)
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33.9
36.0
35.4
34.3
35.5

28.2
31.3
30.5
26.3
30.5

¶

2.7

34.2
35.8

28.2
30.5

1.1

1.7

Both SPAD-A (P = 0.0039, Table 4.8) and SPAD-B (P = 0.0092, Table 4.8) readings
were affected by the differing soil properties. Irrespective of leaf sampling position (Mature or
emergent), average SPAD values were lower by 2 units on the calcareous Leeper soil (Table
4.9). Chlorosis is a well-documented symptom present on Fe deficient plants. Iron deficiency
chlorosis is a common problem of crops grown on calcareous soils such as the Leeper soil. The
results from this study agree with previous research where visual chlorosis was improved and
SPAD readings of plants were greater in non-IDC inducing environments with more acid soils
and lower bicarbonate content, while displaying greater DTPA-extractable Fe levels (Helms et
al., 2010; Liesch et al., 2012).

Figure 4.4

Chlorosis presented by the inefficient variety grown on the Leeper soil without
fertilization (control).
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There were no differences between SPAD values within varieties between the leaf
sampling positions (P >0.1, Table 4.8). Liesch et al. (2011) and Helms et al. (2010) indicated that
SPAD readings and visual chlorosis scores may not be the most accurate tool to identify IDC and
potential yield differences within soybean varieties. Some studies found greater SPAD values for
efficient varieties regardless of the sampling stage and fertilization (Wiersma, 2005, 2010;
Vasconcelos and Grusak, 2014), however, equal or greater chlorophyll content for inefficient
varieties than for efficient varieties has also been reported (Chen et al., 1998). The discrepancies
between these studies may be related to environmental variability and phenotypical differences
within the selected cultivars (Naeve and Rehm, 2006).
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Nodulation
Legume nodulation and N2 fixation are greatly impacted by Fe availability to the plant as
Fe is a component of several enzymes including nitrogenase and leghemoglobin. There was a
significant IT×V×S interaction (Table 4.10) on nodule number (P = 0.0239) and dry weight (P =
0.0359). Plants grown on the Leeper soil had fewer nodules and lower dry weight than plants
grown on the Marietta soil by 80% and 90%, respectively (Table 4.11). No significant
differences were found between Fe treatments and varieties or their combinations in the Leeper
soil, yet nodule number was higher and dry weight greater when lignite was applied to the
inefficient variety at the 1X, rate and to the efficient variety at the 2X rate. There were no
differences in nodule dry weight on the Marietta soil for the efficient variety, however, more
nodules were produced with lignite at the 1X rate. For the inefficient variety, application of FeEDDHA increased both nodule numbers and dry weight.
Table 4.10

Analysis of variance of Fe treatment, variety, soil, and their interactions effects on
nodules count and nodules dry weight.
Effect

Iron Treatment (FET)
Variety (V)
FET × V
Soil (S)
FET × S
V×S
FET × V × S

Nodules Count

Nodules Dry weight

------------------------- P>F ------------------------0.3136
0.2244
0.4315
0.0224
0.0871
0.0174
<0.0001
<0.0001
0.8690
0.0495
0.5572
0.0780
0.0239
0.0359

39

Table 4.11

Nodules count and dry weight for Fe Treatment × Variety × Soil interaction
combinations.

Effect
Leeper Soil

Nodules Count
Inefficient

Efficient

------- No. nodules plant-1 ------

Nodules Dry Weight
Inefficient

Efficient

---------- mg plant-1 ----------

Control
Fe-EDDHA
Lignite 1X
Lignite 2X
Fe-EDTA

6
8
12
9
10

9
8
9
10
8

4
8
15
6
11

10
7
11
13
13

Marietta soil
Control
Fe-EDDHA
Lignite 1X
Lignite 2X
Fe-EDTA

38
51
41
45
42

39
30
53
37
45

95
152
101
112
90

137
122
126
120
123

LSD (0.05)

11

23

The main factor affecting nodulation in this study was soil series. Legumes grown on
calcareous soil with low Fe availability such as the Leeper soil often have poor nodulation
(Hansen et al., 2003). Iron deficiency can reduce nodule development due to a high demand for
Fe by the heme component of the leghemoglobin enzyme (Abdelmajid et al., 2008). Reduced
nodulation due to compaction, excessive soil moisture content, and low Bradyrhizobium mobility
has been reported on several legume crops grown on clayey soils (Ciafardini and Barbieri, 1987;
Buttery et al., 1998). Therefore, Fe fertilization may be insufficient to improve nodulation on the
Leeper soil as it is negatively affected by both soil chemical and physical properties. In contrast,
slightly acidic sandier soil, such as the Marietta soil, may have a fewer negative nodulation
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issues, nevertheless, nodule development may still be affected by other nutrient deficiencies such
as S and Ca (Lowther and Loneragan, 1968; Pacyna et al., 2006).
Better nodulation on the Marietta soil with the application of Fe-EDDHA or lignite at the
1X rate may be due to an increase in nutrient availability. Application of chelates and humic
acids have positively affected legumes nodulation. Rai et al. (1982) reported an increase in
nodule weight and nitrogenase activity with the application of compost‐amended pyrite to lentil
(lens culinaris) grown on a sandy loam soil. Humic acids were able to increase root and nodule
dry weight for soybean, peanut, and arrowleaf clover (Trifolium vesiculosum) grown on sand
cultures (Tan and Tantiwiramanond, 1983). Similarly, Fe-EDDHA and Fe-EDTA increased
nodulation and leghemoglobin synthesis for French bean (Phaseolus vulgaris) grown on an
alkaline sandy loam soil (Hemantaranjan, 1988).
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Soil Incubation – DTPA Fe
Iron is present in the earth’s crust at a greater scale than most elements, however, its
solubility and thus bioavailability, is often restricted by soil properties such as pH, redox
conditions, organic matter content and bicarbonate presence (Lucena, 2000; Helms et al., 2010).
The DTPA method is often used to better quantify metal micronutrient availability to crops
(Lindsay and Norvell, 1978). Greater DTPA extractable Fe levels were found on the Marietta
soil (P <0.0001, Table 4.12), 48 to 65 mg kg-1 compared to 11 and 16.5 mg kg-1 in the Leeper
soil (Fig. 4.5). Iron solubility and availability in calcareous soils are severely reduced due to the
formation of ferric oxides (Lindsay and Schwab, 1982). The disparity between plant available Fe
levels in each soil was pronounced on soybean growth and Fe nutrition during the greenhouse
experiment.
Table 4.12

Analysis of variance of Fe treatment, soil, sampling date, and their interactions
effects on DTPA extractable Fe.
Effect

DTPA Fe
------------ P > F ------------

Iron Treatment (FET)

0.0404

Soil (S)

<0.0001

FET × S

0.0865

Sampling Date (SD)

0.2140

FET × SD

0.4557

S × SD

0.1910

FET × S × SD

0.7966

Previously reported research indicates greater IDC incidence when soybean plants are
grown on soils with DTPA extractable Fe levels less than10 mg kg-1(Goos and Johnson, 2001;
Hansen et al., 2003; Naeve and Rehm, 2006). However, these values are mostly found in sandier
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soils with low organic matter content as compared to Blackland Prairie soils such as the Leeper
soil. Limited research has been performed in this area; nevertheless, results from this study agree
with those obtained by Gamble et al. (2014) and Heitholt et al. (2003) who found IDC was
induced on soils with DTPA extractable Fe levels between 11 and 20 mg kg-1 in soil of the
Blackland Prairies of Alabama and Texas. Additionally, the DTPA method is mostly used in
soils with pH values greater than 7 and a history of IDC incidence such as in the north-central
region of the United States (Lindsay and Norvell, 1978; Johnson, 1992). The DTPA extraction
results obtained from this experiment provide a better estimate of Fe availability for two
contrasting soils of the southeast U.S region.

Figure 4.5

DTPA extractable Fe levels by Soil.
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The application of iron containing fertilizers or amendments significantly affected DTPA
extractable Fe levels in the soil (P = 0.0404, Table 4.12). An increasing trend for DTPA
extractable Fe levels was observed with the application of Fe sources; however, only with the
application of Fe-EDDHA were the values significantly greater than the those of the control
(Table 4.13). Nevertheless, lignite at the 1X rate and Fe-EDTA produced similar levels of DTPA
extractable Fe in the soil compared to Fe-EDHHA. Fertilization with synthetic chelates and
humic substances can increase Fe availability in the soil as they prevent Fe reaction with free
bicarbonate present in the soil (Lindsay, 1984). These results agree with previous research were
Fe-EDDHA maintained greater DTPA extractable Fe levels in both alkaline and acid soils than
other Fe sources including Fe-EDTA and FeSO4 (Sahrawat, 1988). Additionally, results from the
greenhouse experiment showed the positive effects on growth and Fe nutrition due to either the
application of lignite at the 1X rate or commercially available chelates were clearly observed on
both soils.
Table 4.13

DTPA extractable Fe by Iron treatments (FET) and FET × Soil interaction
combinations.

Iron Treatments

Leeper

Marietta

Average

--------------------------------- mg kg-1 --------------------------------Control

13.4

51.9

32.7

Fe-EDDHA

14

56.6

35.3

Lignite 1X

13

55.4

34.2

Lignite 2X

13.5

51.9

32.7

Fe-EDTA

13.3

54.2

33.8

FeSO4

13.2

53.2

33.2

¶

1.8

¶
LSD (0.05)
¶ Not significant differences (P = 0.05)
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An interaction effect between Fe treatment and soil was found (P = 0.0865, Table 4.13).
Although not statistically significant at a 0.05 level it helps to better understand the effect of each
source on the soil. For the Leeper soil, very small differences between sources were observed
contrary to the Marietta soil where the effects of each source were greater (Table 4.13). The
Leeper soil has a greater buffer capacity than the Marietta soil due to its higher pH and greater
CEC, clay content, organic matter, and free calcium carbonates. Depending on the chelating
agent stability and efficacy is greatly affected by soil pH. The chelated source Fe-EDDHA
resulted in greater DTPA extractable Fe values for both soils. It has been shown that EDDHA
has a greater stability across a wider pH range than any other chelating agent (Lindsay and
Schwab, 1982; Lucena et al., 1992). The application of Fe-EDTA produced greater values than
the control only on the Marietta soil. Contrary to EDDHA which is stable across acid and
alkaline soil conditions, the EDTA chelating agent is only stable on soils with a pH below 6.7
such as the Marietta soil (Lindsay and Schwab, 1982).
Between rates of lignite, greater DTPA extractable Fe level for the Leeper soil was found
with the 2X application rate. This was due to the doubling of Fe application as well as the
presence of humic acids, and greater soil pH acidification due to pyrite oxidation (Wallace et al.,
1976). In contrast, for the Marietta soil lower levels of DTPA extractable Fe resulted with the 2X
rate, though greater soybean DM production was observed in the greenhouse experiment with
this rate possibly due to an increase in S which is often deficient in acid sandy soils (Sharma and
Arora, 2008). Finally, FeSO4 produced the lowest quantity of DTPA extractable Fe as compared
to all the other sources for both soils. Soluble salts such as FeSO4 have shown lower
effectiveness than other Fe sources as they precipitate and become unavailable for plant
absorption (Ryan et al., 1985).
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No significant differences were found between sampling dates (P = 0.2140, Table 4.12).
Nevertheless, a decreasing trend was observed for the Leeper soil (Table 4.14) indicating a
reduction in available Fe with time. The positive grown effect observed on soybean plants for the
greenhouse experiment in response to the different Fe sources indicates an increase in Fe
availability in the soil and bioactivity withing the plant during the growth period. Possibly an
earlier sampling could have identified differences between sampling dates, and more importantly
between treatments for the Leeper soil as their effectiveness is likely to decrease with time.
Table 4.14

DTPA extractable Fe for Soil × Sampling Date combinations.
Soil

DTPA Fe
25 Days

50 Days
-1

-------------------- mg kg ------------------Leeper

14.1

12.7

Marietta

53.8

53.9

¶

¶

LSD (0.05)
¶ Not significant differences (P = 0.05).
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CHAPTER V
CONCLUSIONS
Soybean IDC incidence and agronomic performance was greatly affected by the differing
properties of the two soils. Plants grown on the Marietta soil outperformed those on the Leeper
soil across all evaluated response variables. Lower total plant Fe contents and concentrations
were found for plants grown on the Leeper soil indicating decreased Fe uptake caused by lower
availability and solubility in the soil. This was corroborated by the incubation study where
DTPA extractable Fe levels of the Leeper soil were 75% less than of the Marietta soil. Likewise,
biologically active Fe concentration was decreased due to the high bicarbonate content of the
Leeper soil which may immobilize Fe even inside the plant. Lower SPAD readings were
obtained in both emergent and mature trifoliate leaves of plants grown on the Leeper soil,
indicating decreased chlorophyll synthesis due to of Fe deficiency. Nodulation was also
negatively impacted on the Leeper soil as the legume-rhizobium symbiosis is sensitive to IDC,
and Fe is needed for synthesis of nitrogenase and leghemoglobin. Plant growth was reduced by
50% on the Leeper soil possibly due to iron deficiency and decreased nodulation which resulted
in stunted plants.
The IDC tolerance ratings provided by MSU Extension predicted the agronomical
performance of the evaluated cultivars accurately. Variety P5688RX rated as efficient (IER = 4)
had a greater total Fe content indicating possibly a greater secretion of reductants into the
rhizosphere which increased Fe solubility resulting in greater Fe uptake and metabolically active
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Fe concentration than variety P5016RXS (IER = 4). Furthermore, varietal IDC tolerance
differences resulted in greater DM accumulation and height by the efficient variety. However, no
differences in SPAD reading between varieties were observed for either of the sampling
positions (Mature or emergent leaves) which agrees with previous research that has shown
SPAD readings to be non-effective when identifying IDC tolerance differences between cultivars
(Helms et al., 2010; Liesch et al., 2011). Similarly, nodulation difference between varieties was
found, but was dependent on the soil characteristics.
As the literature indicates, Fe-EDDHA consistently improved all the evaluated response
variables compared to the control (no fertilization) across soil and variety combinations, except
for DM accumulation on the Marietta soil which was a non-IDC inducing environment.
Nevertheless, on the Leeper soil Fe fertilization increased soybean DM production of both
varieties regardless of the source and rate applied. Furthermore, lignite applied at the 1X rate
(0.336 kg Fe ha-1) improved Fe availability to the plant as reflected as an increase in total Fe
content and active Fe concentration in the plants. Additionally, no differences were found
between lignite at the 1X rate and the commercial fertilizers on any of the evaluated parameters.
Lignite applied at the 2X rate (0.672 kg Fe ha-1) did not improve Fe uptake nor relative
chlorophyll content of the plants, possibly due increased availability of other ions which
suppressed Fe availability and bioactivity. However, DM accumulation of plants grown on the
Marietta soil were improved by lignite at the 2X rate application, outperforming all other Fe
treatments. This response may be due to an increase in S supply as deficiency of Fe is not
common for acid soils while S could be a limiting factor on sandier soils such as the Marietta.
DTPA Fe extraction was non-conclusive when comparing Fe treatments, except for FeEDDHA which had greater extractable Fe than the control (no fertilization). Nonetheless, an
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increasing trend was observed in DTPA extractable Fe levels with the application of the different
sources. Possibly an earlier sampling could have better identified Fe treatment effects on Fe
solubility and availability on the Leeper soil. Moreover, the results from this study provide a
parameter to evaluate Fe solubility and availability differences on soils of the Blackbelt region of
Mississippi and Alabama and highlight the necessity of DTPA extraction calibration for this
area.
Furthermore, pyrite containing lignite may serve as an acceptable source of Fe
performing as well as other commercial chelates. This naturally occurring source presents a more
feasible alternative to control IDC of row crops on calcareous soils as it likely would be greatly
more cost effective. Finally, to establish an effective IDC management program on calcareous
soil, both variety selection and Fe fertilization must be included and adapted to the specific
environment.
Future research
In order to better estimate the efficacy of pyritic lignite on IDC reduction and yield of
soybean, field trials must be established to evaluate its effect on different cultivars and soil
conditions. Additionally, an economic study must be performed to evaluate the economic impact
of this source compared to the high cost chelated fertilizers already available.
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